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Thejaraj 

This application is related to the following co-pending, commonly assigned U.S. patent 
applications: "DRAM Cells with Repressed Memoiy Metal Oxide Tunnel Insulators " atterney 
doolcotno. 1303.019US1; serial number 09/945.395, "Flash Memory with Low Tunnel Barrier 
Interpoly Insulators," ottomoy doolcot no. 1303.01 1US1, serial number 09/945,507. "Dynamic 
Electrically Alterable Programmable Memory with Insulating Metal Oxide Interpoly Insulators," 
attomoydookotno. 1303.024US1. serial number 09/945.498, and 'Tield Programmable Logic 
Arrays with Metal Oxide and/or Low Tunnel Barrier Interpoly Insulators." attorney doolcot no. 
1303.027USI. serial number 09/945,512, "SRAM Cells with Repressed Floating Gate Memory, 
Metal Oxide Tunnel Interpoly Insulators," attomoy docket no. 13Q3.028US1, serial number 
09/945,554, "Programmable Memory Address and Decode Devices witfi Low Tunnel Barrier 
Interpoly Insulators," ottomoy doolcot no. 1303 .029051, serial number 09/945,500, of which 
disclosures are herein incorporated by reference^ 



The paragraph beginning at page 2, line 6 is amended as follows: 



The original EEPROM or EARPROM and flash memory devices described by Toshiba in 
1984 used the interpoly dielectric insulator for erase. (Soo gcnorally. F. Moouoka ot ol.. "A n e w 
flgjh EEPROM c oll ucinc trp'" r"'r'"""" ^""^^""'"(n' " TTSEB Int. Electron Doviooo Mooting, 
Son Fronoiooo. pp. 16<! 67, 19 8 1; F. Maauoka ot ol.. "2S6K flmh EEPROM uoing triplo 
polyoiUoon toohnology," IEEE SoUd State Circuits Conf., Philadelphia, pp. 168 169, 1985). 
Various combinations of silicon oxide and silicon nitride were tried. (Soo gonorally. S. Mori et 
al., "rolioblo CVP inter poly dialootios for advonood B&EEPROM." Symp. On VLSI 
Toohnology. rLobo. Japan, pp. 16 17, 1985). However, the rough top surface of the polysilicon 
floating gate resulted in. poor quaUty interpoly oxides, sharp points, localized high electric fields, 
premature breakdown and reliability problems. _ 



The para graph beginning at page 2. line 17 is amende d as follows: 

Widespread use of flash memories did not occur until tiie introduction of the ETOX cell 
by INTEL in 1988. (Soo gonorally, US PATEMT 1,780. 121. •Trooooo for fabricating olootrioally 
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oH uu blo flooting c » U o luomoiy dein nn -r 25 Oct. im; B Dip ai t a»d L. I To h n rt. "FloDh momory 
gooa maimitroom;' IEEE SpootRmi, pp. 1 8 51, October, 19Q3; R. D. Policy and S ■ K T ni , 
♦♦noah momoriot.. Uio boat of two ^^oildn," IEEE SpooUiim. pp. 30 33. Dooombor 1989). This . 
extremely simple cell and device structure resulted in high densities, high yield in production and 
low cost. This enabled the widespread use and application of flash memories anywhere a non- 
volatile memory fimction is required. However, in order to enable a reasonable write speed the 
ETOX cell uses channel hot electron injection, the erase operation which can be slower is 
achieved by Fowler-Nordhiem tunneling from the floating gate to the source. The large barriers 
to electron tunneling or hot electron injection presented by the siUcon oxide-silicon interface, 3.2 
eV, result in slow write and erase speeds even at very high electiric fields. The combination of 
very high electric fields and damage by hot electron collisions in the oxide result in a number of 
operational problems like soft erase error, reliability problems of premature oxide breakdown 
and a limited number of cycles of write and erase. 



At page 4 line 28, please add the foUowing^ . 
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Page 7. lines I-IS are amended as follows: 



Fi£uro O h a tabl o wh ic h prfTvii"- r-'""""* hnrrinr hoiphtn. onorev gaps, 

diolootrio oonotnnto and olcotron offSnitiog of a wide variety of motd o?f.idoo that oould bo ucod oo 
aaymmotrio tunnol bnrricni aooording to the toaohingc of the prooont invention. 

rigur o 10 io n tnH" ^""''trntnn ttinr thnro mro mnnv ctoblo. orvotttllino motal oxides 
whooo compooitiono pan vary ovor ot loaot email oompooitional rang e s. 

ripir o 11 i o n t n Hr j""-*^^"" f^"* fimntinn valttofl can vary oonaidorably. 

Figure [[12]] 2 illustrates a hypothetical metal-oxide (M-0) phase diagram according to 
die teachings of the present invention. 

Figures [[13A-13C]] lOA-lOC illustrate the compositional profiles for the asymmetrical 
low tunnel barrier intergate insulators according to the teachings of the present invention. 

Figure [[14]] U illustrates a block diagram of an embodiment of an electronic system 
according to the teachings of the present invention. 
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The paragraph begianing at page 19, line 18 is amended as follows; 



As shown in Figure 7B, the electric field is determined by the total voltage difference 
across the structure, the ratio of the capacitances (see Figure 7A), and the thicknessiy of the 
asymmetrical interpoly dielectric 707. 

e< tax 

The voltage across the asymmetrical interpoly dielectric 707 will be, AV2 = V C1/(C1 + C2), 
where V is tfie total qiplied voltage. The capacitances, C, of the structures depends on the 
dielectric constant, €u the pemiittivity of firee space, €«, and the thickness of the insulating layers, 
t, and area. A, such that C = €r €« A/t, Farads/cm\ where is the low frequency dielectric 
constant. The electric field across the asymmetrical interpoly dielectric insulator 707, having 
capacitance, C2, will then be E2 = AV2/t2, where t2 is the thickness of this layer. 



The paragraph beginning at page 20. line 1 is amgpfied as followsj ■ 

The tunneling cunrent in erasing charge from the floating gate 705 by tunneling to the 
control gate 713 will then be as shown in Figure 7B given by an equation of the form: 

J = Bexp(-Eo/E) 



e 



8;r V 



3/2 



where E is the electric field across the interpoly dielectric insulator 707 and Eo depends on the 
barrier height. Practical values of current densities for aluminum oxide which has a current 
density of 1 A/cm^ at a field of about E = IV/20A = 5x10*^ V/cm are evidenced in a description 
by Pollack. (Soo gonorally, S. R. Pollack and C. E. Morria, ^Tunneling through gaooouo oxidiaod 
fihno of AU O =^ " Trono. AIME, Vol. 233, p. 197, 1965). Practical current densities for silicon 
oxide transistor gate insulators which has a cunrent density of 1 A/cm^ at a field of about E = 
2.3V/23A = 1x10*^ V/cm are evidenced in a description by T. P. Ma et al. ( S oo gonorally, T. P, 
Ma ot al., *Tunnoling loolcago ourront in ultrathin 1 nm) nitrido/oxido staok diolootrioa/' IEEE 
Elootron Devioo Lottcro, vol. 1Q> no. 10, pp. 388 390, -4998)r 



The paragraph beginning at page 20, line 16 is amended as follows: 



0 
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density reflects the lower tunneling barrier f»a)72l of approximately 2 eV, shown in Figure 7B, 
as opposed to the 3.2 eV tunneling barrier mm of silicon oxide 703. also illustrated in Figure 
7B. 




The paragraph beginning at page 21, Une 2 ^ i« amended as follows; 

(iii) The oxide growth rate and limiting thickness will increase with oxidation 
temperature and oxygen pressure. The oxidation kinetics of a metal may. in some cases, depend 
on the crystallographic orientations of the very small grains of metal which comprise the metal 
film (iM fe o no i ally. O, Kubacch .^ wjld and B. E. Hoplcino. "Oxidation of Mctolo and Al l oyn". 
Dutterworth. London, pp. 53 61, 196?) If such effects are significant, the metal deposition 
process can be modified in order to increase its preferred orientation and subsequent oxide 
thickness and tunneling uniformity. To this end, use can be made of the fact that metal fihns 
strongly prefer to grow during their depositions having their lowest free energy planes parallel to 
the fihn surface. This preference varies with the crystal structure of the metal. For example, fee 
metals prefer to form {1 11} surface plans. Metal orientation effects, if present, would be larger 
when only a limited fiaction of the metal will be oxidized and unimportant when all or m ost of 
the metal is oxidized. 



The paragraph beelnnuig at page 2? - H«e IS is amei 

Tunnel barriers comprised of metal oxide fihns and having different heights at their two 
interfaces with the contact electrodes can be made by properly oxidizing the parent metal fihns. 
Not all oxides will exhibit asymmetrical barrier characteristics. Asymmetrical barriers can be 
fi>rmed on those oxides that are stable over small composition ranges so that gradients can be 
formed which produce different barrier heights at the top and bottom contacts. Thus SiOz and 
PbO fihns, made by conventional processes, are stable only at their stoichiometric compositions: 
hence, they can only serve as symmetrical barriers. However, there are many stable, crystalline 
metal oxides whose compositions can vary over at least small compositional ranges. The same is 
evidenced in the table shown in Figure 10 which is compiled firom data in a text by 
Kubaschewski and Hopkins. (Soo gonorolly tho oomprohonsivo roviow by O. ] 
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D.E. Il op l c ii u , '•Ol f ii l ntin n ^ ^ ""Y" " n..ttcn * rorth. London (1962)). As but one 

example of oxide stoichiometric effects, note that themal oxidation of aluminum below -300 
degrees Celsius produces AljOj films that become less metal-rich as the oxide thickens from -10 
to 30 or 40 Angstroms. (See gonorolly, J. Orimblot and J.M. Eldridgo, "H. Oxidation of Al 
Fihns;' J. Elootrooh u m. Soo.. Vol. 1 ^ No. 10. pp. 2369 2372, 1082). ThisverysmaU 
compositional variation (~10^° Al atoms/cm') leads to significant differences in barrier heigjits 
and injected currents in AI/AI2O3/AI structures of 0.2 eV and lOX, respectively. (Soo gonorolly, 

K. ILGun d la o h nn dT TH-''. "c"">hm.» iiiiitW ntvnf Al A liOi A 1 tunneling junoriono 

produood by ploflma and by thomial oxidation," Surfiioe Soionoo, Vol. 27, pp. 125 111, 1971; 
g.r.S. Arya and IIP. Sinch. "Pn»H„»t;nn p .n iK i l i u a of thin ALOi fil m o." Thin Solid Filmo. Vol 
91, No. 1, p p. 363 371, May l'>8?) Other oxides including those containing alkaline earth and 
transition metal elements form variable oxide compositions and thus meet that criteria for acting 
as asymmetrical barriers. Most importantly and novel, it will be shown that the compositional 
gradients across these oxides can be uniquely controlled using certain thermodynamic 
characteristics of metal/oxide systems. 



The paragraph beginning at page 23. line 18 is a mended as follows: 

A second approach for forming an asymmetric barrier is to employ a control contact plate 
that has a different work fimction than that under the metal oxide dielectric layer. According to 
this method very asymmetric barriers can be produced by judicious selection of contact metals 
since their woric functions can vary from low values of -2.7 eV for rare earth metals to -5.8 eV 
fbr platinum. (Soo generally. S.M. Sao, "Phyoico of S omioonduotor Doviooo." 2nd Edition^ 
WiloyIntorooionoo,tLY4ppiS53 556. 1981). Note that the reported work fimction values can 
vary considerably, depending on the metal and measurement method. The same is evidenced in 
the table shown in Figure 11 TABLE A which is compiled firom data in the Handbook of 
Chemistry and Physics. 

TABLE A 



Metal 


Oxveen 
Solub.. at % 


Oxide 
Stabilitv 
Ranee 


Semiconductor 
Tvoe 


Strnctare 
Temo. 


Transform 
Temp.. 'C 


Is 


08 


TaQ4,7.j,<) 


n 


Orthorhom. 


t.p. 1350 
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Ti 


28 




n 


Rutile 


m.o. 1920 


Zr 


29 




n 


Monoclinic 


tp. 1170 


ilb 


2=3 




n 


Monoclinic 


m.o. 1495 


Al 


V. small 


AlzOjooQ-jfl 


n 


Corundum 


m.D. 2050 


Pb 


V. small 


PbO 




Orthoihom. 


m.p. 885 


Si 


v.small 


SiQ2 


norp 


Tetra. (Cvst.1 


mo. 1713 



Such differences can be attributed to the effects of impurity segregation, surface oxidation, grain 
orientation and stress. Cesiated tungsten is a well-known example of the segregation effect: 
very low concentrations of cesium segregates to heated tungsten surfaces, effectively changing 
the work function fiom that of W to that of Cs. A novel method will be given below for 
preventing such unwanted surface segregation of impurities. 



The paragraph beginning at page 24, line 5 is amended as follows; 



FinaUy, both oxide composition gradients, described in connection with F»gHfe40 
TABLE A. and electrode work fimction effects described in connection with Figure 11 TABLE 
B can be utilized together to produce an even larger variety of asymmetrical hmnel junction 
barriers according to the teachings of the present invention. 

TABLES 



Metal 


Orientation 


Work Function, eV 


Eu 


Polycryst. 


2.5 


Sm 


Polycryst. 


2.7 


Y 


Polycryst. 


3.1 


Al 


(Ill) 


4.26 


Cu 


(111) 


4.94 


Au 


(111) 


5.31 


Ti 


Polycryst 


4.33 


Rh 


Polycryst. 


4.98 


Pt 


Polycryst. 


5.64 
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Polycryst. 


4.05 


Ta 


Polycryst. 


4.25 


Nb 


Polycryst 


4.36 


Si 


(100),n-type 


4.91 





The p aragraph beginning at page 24, line 11 is amended as follows; 

In order to discuss the implementation of the above, it is necessary to provide more 
infomiation. Thus, Figure 8 graphically illustrates the dependence of the barrier height for 
current injection on the work function and electron affinity of a given, homogeneous dielectric 
film. Figure 9 is a table which TABLE C provides relevant data on the barrier heights, energy 
gaps, dielectric constants and electron affinities of a wide variety of nominal oxide compositions 
that could be used as asymmetric tunnel barriers according to the teachings of the present 
invention. 



TABLE C 











X 






*.fOther) 


CoDventlonal 
Insulators 
















SiQ2 


~8eV 


4 


225 


0.9 eV 




3.2 eV 


4.0 (Si) 




~5eV 


7.5 


3.8 


1.7 




2.4 eV 




Metal Oxides 


















7.6 eV 


9-11 


3.4 


2.1 




~2eV 




Mi 
















Transition Metal 
Oxides 


















4.6- 
4.8 






13 


go 


0.8 eV 


l.OfTa) 


m 




30-80 


U 


12 


-1.2 
eV 




0.4 


ZrOj 


5-7.8 


18.5-25 


4.8 


2.5 




1.4 


2.7 (Zr) 




3.1 


35-50 












Y2O3 






4.4 


1.8 




2.3 


1.3 m 
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Perovskite Oxides 
















SrBi^TajOj 


4.1 




5.3 


3.3 


2.0 


0.8 eV 




SrTiOi 


3.3 




6.1 


3.9 


1.4 


0.2 eV 




PbTi03 


3.4 




6.25 


3.5 


1.8 


0.6 eV 




PbZrOi 


3.7 




4.8 


3.9 


-1.4 


0.2 eV 





(S oo gonomUy. II.F. Luan ot aL. "Ilifih quality Toa^ goto diolootrioa with T, »-eq«ar40 
Angstromfl," IBDM Teoh. Digest, pp. 1 11 lii. 1999; J. Roboitoon ot ol.. "Sohotflcy barrier 
hoighto of tantalum oxido. barium otrontium titonato, load titaimto and strontium biomuth 
l Qiitnlntn ," A rp rhyn T -n ^ TV 1170 Fob. 1000: J. Robortoon. "B ond 

offooto of wide bond gop OKidos and implioationa for faturo oloctronio dovioos " J. Voo. S oi. 
Toohnol. B. Vol 18. No. 3. pp. 1785 1791. 2000; Xin Quo ot ol.. "Iligli quaUty ultra thin (1 ^ 
nm) TiO^Sij M 4 gato diolontrif ^"T '^"T ""i^*"'""^" CMOS toohnoloev." IBDM Tooh. Digoot, pp. 
137 1 1 0, 1 000; H. S. Kim ot al, "l.mV"Z'* ol a otriDal broalcdown in m e tal oreanio 

ohomioal vopor dopositod TiOj diolootrioo on oilioon oubotratco,'' Appl. Phya- Lott. Vol. 69, No 
25. pp. 3g60 3862. \99^: T Y?" . "^Hiintnm nnri olaotrioal ohamotoriEation of TiOAgro^ ^ m 
from titanium totralrio iaoproxido (TTIP) and TTIP/HjO ambient." J. Vac. Soi. Tcchnol. B, Vol 
M. No. 3. pp. 1706 1711,19 66)r 



The paragraph begin ning at page 25, line 5 is amended as follows: 

Other properties of some simple Transition Metal oxides (TM oxides) have been shown 
in TABLE A the tablo prowdod in Figuro 10 . Note that their compositions can vary from metal- 
rich to their stoichiometric values. The data given in TABLE A Figuro 10 clearly show that 
many of the oxides cited have a range of stable compositions around their nominal values. This, 
along with related, established oxidation data and theory (aoo gonomlly, the oomprohonoivo 
rovicw by O. Kubagoho-n-old nnif P " Hnpirinr "Ovirinti n n of Motals and A11o\'g." Duttor^vorth; 
London (1962)) and the thermodynamic properties of solid multi-component solid systems (see? 
for oxamplo. R.A. Swalin. "Tlm i modynamios of Solids, 2nd Ed." ohop. 8 , pp. 165 180. John 
WiloyandSono. 1972) lead to the rigorous understanding required to uniquely and controUably 
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MEMORY WITH P^ANNEL DEVICES AND ASYMMETR ICAL TUNNEL BARRIERS 



fonn asymmetrical oxide turaiel barriers as used by the present invention. Further explanation is 
as follows: 



The paragraph beghming at page 26, Udc 9 is amended as follow s; 

(v) Notwithstanding the above, a quasi-stable equilibrium exists between the growing oxide 
film and the underlying, partially-oxidized metal. This quasi-equilibrium can be represented 
schematically by a generic phase diagram for a TM(OyrM oxide/Cb system, as shown in Rgure 
9 Figuro 12. As shown in Figure 9 Figuro 12 , the development of the co-existing phases are 
shown at various stages of the metal film oxidation, e.g.. Ci €2°, and €3°, respectively. For 
clarity, this diagram is not drawn to scale. In accord with the Phase Rule and underlying 
thermodynamics. Figure 9 Figuro 12 shows: 




it is encouraging to note that oxide growth on most metals during low temperature oxidation can 
be very exacUy controlled. This is a consequence of the fact that the thickness of an oxide grown 
on an initially clean surface is proportional to either log (oxidation time) or log * (time). It is 
experimentaUy difficult to differentiate the two time dependencies. Accordingly oxide growth is 
very rapid initially but drops to low or negligible vahies after foiming a stable oxide thickness in 
the range of 20-50 Angstroms. Titanium, zirconium, vanadium, tantalum and aluminum, for 
example, all oxidize according to a logarithmic time dependence at temperatures below -300 
degrees Celsius. (Soo gonorally, tho oomprahonaivo tovicm by O. Kubooohowaki and B.B. 
Ilopldnfl. "Oxidation of Motalo and Alloyo." Buttorworth. London (1962)). Control of oxidation 
time is quite sufficient, other conditions being maintained, to achieve a thickness control well 
within an Angstrom of tiie target value. This point has been well-demonstrated in earUer studies 
involving various metals including lead. (Sco gonorally, J.M. Eldridgo and J. Mariooo. ''Moao. of 
tunnol ourront donsity in a Motal Oxido Metal oyotom an a fimotion of oxido fluolmooo." Proo. 
12th Intom. Conf. on Low Tomporaturo Phyoiofl. pp. 127 '128, 1971; JJI. Greinor, "Oitidarion of 
load fibno by rf sputter otohing in on oxygon ploama." J. Appl. Phyo., Vol. IS, I'lo. 1. pp. 32 37; 
m4h 
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The paragraph beginning at page 28, Une 23 is amended as follows; 

T?igSrS IQA-IOC 4aA43€ illustrate the compositional profiles for the asynunetrical low 
tunnel barrier intergate insulators according to the teachings of the present invention. Figure 
lOA «A shows the compositional profile before oxidation. Figure lOB 43B shows the 
compositional profile during oxidation with the coexisting phases indicated. Figure IflQ «G 
shows the compositional profile at the end of oxidation. 



The paragraph b eginning at page 29 line 2 is amended as follows: 

As stated above, the conventional large barrier insulating dielectrics are silicon oxide and 
siUcon nitride. (Soo gonoroJly. T.P. Ma ot a!., 'Tumioling lookago ourront in ultra thin {''A am) 
i iitride/oitid o Jt a olc dicl p rt rirrr ." Trinnhrnn Dmrinn T^ttoro. vol. 19. no. 10. PP. 3 88 390. 
iggg). The realities are that silicon oxide is not an optimum choice for memory type devices, 
because the 3,2eV tunnel barrier is too high resulting in premature failure of the insulators and 
limiting the numbg of operational cycles to be in the order of 10^ to 10^. 



The paragraph beglnntog at page 29 line 9 is amended as foUows; 



According to one embodiment of the present invention, an asymmetrical low tunneling 
barrier interpoly insulator is used instead, such as AI2O3 with a tunneling barrier of 
approximately 2.0 eV. A number of studies have dealt with electron tunneling in AVAI2O3/AI 
structures where the oxide was grown by "low temperature oxidation" in either molecular or 
.plasma oxygen. (Soo gonornlly, S. M. Szo, Phypioo of Somioonduotor Dovioos. Wiloy. m, pp. 
553 556, 19S1; G. Simm o no nnii A F1 T>nHrj, 'y:nnnitiiin.nfl fhrmiilfl fortho olootrio tunnel ofToot 
between aimilor olootrodes oopamtcd by a diin insulating fihn," J. Appl. Vbyo., Vol- 31, p. 1793, 
1062, Z. TL r o lla o lc and T F T>f ""-j". "Tiitmniinp thmuph pnBooun oxidizod fihno of AhOi T^ 
Tnmo. AIME, VoL 233. p. ^07, 1965; Z. Huryoh, "Influonoo of nonuniform thiolmooo of 
diolootrio loycro on oapaoitanoo and tunnol ouironto." Solid State Blootix>nioD, Vol. 9, p. 967. 
1^ 6 6; Z. P. S. ATj-a a nd H P ging'', "r'nnHiintinn pm puiii un of tliin AhOx fi lm *;." Thin S olid 
rilmj, Vol. 91, M o - ^. PF ^'^"V ^ ^ " r.midlaoh and J. Holgl. "Logoritfamio 

oonduotivity of Al AU^ Al tunneling junotiono produced by plaar 



# • 
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o xldua u u-.flurfaoeS u i u aoo. Vol ?7,pp. 125 111. 1071) Before sketching out a processing 
sequence for these tunnel barriers, note: 



T he paragraph beginning at nage 30 Une 1 fa amended as follows; 

(ii) Tunnel currents are asymmetrical in this system with somewhat terger currents 
flowing when electrons are injected from AI/AI2O3 interfece developed during oxide growth. 
This asymmetry is due to a minor change in composition of the growing oxide: there is a smaU 
concentration of excess metal in the AI2O3, the concentration of which diminishes as the oxide is 
grown thicker. The excess Al*^ ions produce a space charge that lowers the tunnel barrier at the 
inner interface. The oxide composition at the outer AI2O3/AI contact is much more 
stoichiometric and thus has a higher tumiel barrier. In situ ellipsometer measurements on the 
thermal oxidation of Al fihns deposited and oxidized in situ support this model (soo generally, J. 
C ri mblot a nd J. M. Eldrid£c. "T T n t— n r m fiimn . i rith O. at low projauroo". J. Elootro: 
Chom. £0 0 ., V o l- 1^^ rr ^'^^^ '''^^^ J- Gnmbl o l miJ J. U. Eldrids o , "I T 

Oxidotion of Al filnm^ ibid, 23C0 m-^). In spite of this minor complication. Al/AljOa/Al 
tunnel barriers can be formed that will produce predictable and highly controllable tunnel 
currents that can be ejected from either electrode. The magnimde of the currents are still 
primarily dominated by AI2O3 thickness which can be controlled via the oxidation parametrics. 



The paragraph beginning at page 30 Une 18 is amended as foHow»; 



"With this background, the following outlines one process path out of several that can be 
used to form AljOj tunnel barriers. Here the aluminum is thermally oxidized although one could 
use other techniques such as plasma oxidation (ufco gonorally. S. R. P o llu i k and C. E M n rrin. 
"Tumioling throujji gosoouo oicidia o d fihno of iW^," Tmno. AIMS. V o l. 233, p. 107. 1965; Y 
II. Gundlaoh ond J. Ilolal. "Logoritlmil o uonduoti^dty of A l MjCh Al tunneling junotio n n 
produoodbyptoa ondbythemml onidation", Suifooo Soionoo, V o l. 27. pp. 12S 111.1071) 
or rf sputtering in an oxygen plasma ( . u u ^ ,o»u. ally, J. H. Gi u iitui. "Onid n t in n of load fihnn by rf 
t .p uUuotohinginan uK ygenplacmn".J. Appl-PhycV n l. U.N u . l,pp.32 17.1071) . For the 
sake of brevity, some details noted aboye will not be repeated. 
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The paragraph beginning at page 31 line 4 is amended as follows: 



^1) acidize the aluminum in situ in molecular oxygen using temperatures, pressure 

and time to obtain the desired AI2O3 thickness. The thickness increases with log (time) and can 
^ be controlled via time at a fixed oxygen pressure and temperature to wUhin 0. 1 0 Angstroms, 
when averaged over a large number of aluminum grains that are present under the counter- 
electrode. One can readily change the AI2O3 tiiickness from ~15 to 35A by using appropriate 
oxidation parametrics (c.&., 000 Figure 3, J. Grimblot ond J. M. Eldridge. "I. Interaction of Al 

with at low prosauroo". J. Elootro. Chom. Soc. Vol. 129, Mo. 10. pp. 2366 2368. 1082) . 
The oxide will be amoiphous and remain so until temperatures in excess of 400 degrees Celsius 
are reached. The initiation of recrystallization and grain growth can be suppressed, if desired, 
via the addition of small amounts of glass formmg elements (e.g.. Si) without alteringthe growth 
kinetics or barrier heights significantly. 



The paragraph be ginning atj«ige 31. line 21 is amended as follows; 



As mentioned above, this oxide insulator is used as an asymmetrical low tunnel barriers, 
ofthe order of 2.0 eV, as the inter-poly or inter-gate dielectric insulators. The characteristics of 
such oxide insulators have been summarized in Figure 9. According to the teachings ofthe 
present invention, asymmetrical low barriers are utUized in programmable array logic or memory 
device which are easy to write and/or erase. To achieve the correct barrier height different 
contact metals as for instance aluminum (Al) and platinum (Pt) may be used as illustrated in 
Figures 2 and 3. As stated previously, very asymmetrical barriers can be produced by the 
judicious selecting of contact metals since their work fimctions can vary from low values of -2.7 
eV for rare earth metals to -5.8 eV for platinum. That is according to the teachings ofthe 
present invention the floating gate includes a polysiUcon floating gate having a metal layer 
formed thereon in contact with the asymmetrical low tunnel barrier intergate insulator. 
Additionally, as described above, the control gate includes a polysiUcon control gate with a metal 
layer, having a woric function different from that ofthe metal layer formed on the floating gale, 
formed thereon in contact with the asymmetrical low tunnel barrier intergate insulator. In 
conjunction with the invention, the asymmetrical low tunnel barrier interpoly insulator is formed 
such that the tunnel barrier is approximately 2.0 eV. It is again noted, that according to the 
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teachings of the present invention, relatively low barrier heights, e.g. in the 0.4 to 2.7 eV range, 
can accrue on growing TM oxide fihns on TM layers. (See again the estimated values cited in 
the last colunm of Figuw^ Table Q . While these barrier heights are only estimates, they are 
considerably lower than that encountered in Si/Si Ch and Al/SiOi barriers. 

The paragraph h«.pmning at page 32. line 19 is amended as follows; 



ie band gap energies and barrier heights of some conventional gate insulators as silicon 
oxide, silicon nitride and aluminum oxide as well as tantalum oxide have been investigated and 
described in detail ( soo gcnorolly. H. Itolcawa ot ol., -'Dotonnination of boudgap ond energy bn nd 
glignmont for hifeh dioloctrio con. , taiit gato insulato r j uoing high rob o l ut i u u x ray photo n lo n tr o n 
spootrPGOopy." Ext. Abotmotg Int. Conf. On SoUd Stato Dovioos oiid Mm u ialo. pp. 158 1 ^0, 
+999). Formation of single and double-layer dielectric layers of oxides of TajOs and similar 
transition metal oxides can be accomplished by thermal as well as plasma oxidation of fihns of 
these metals. ( S oo gonorally. H.F. Luon. ot al.. "Iligh quality Toa O s gato diolootricn wdth T^ , 
^--10 A," Int o m pti onrl p'""*-"" r>mnnnn ly i Tnntinri Tftohnioal dicoot. p. 1 11 1 H. ? 
Robortaon and C.W, rhm. "<'^^"**1t ^nrrinr hmphtn nf t n ntalum oxido. barium strontium 

tit a n ato . l oa d ti tn n nt rii nntl fttr«"«' >^\rrryyy^ tnninlnto." Aool. Phv u . Lett, vol. 71. no. K. pp 

1168 1170. 22 Fob. 1999). 




The paragra ph beginning at paRe 33, line 4 Is amended as foflows: 

■ w-Tin , 7iO,. Nb,0<. Gd^O^ and Y^Q, have been disclosed. Bco cenorally. John 

Robo i tcon. ••Bond o ffem "^^'''' ^^ CT and implioatioua for future ol p rt mnio 
dovicos." J. Voo. Coi. Toohnol.. vol. D 18, no. 3, 17S5 91. May Jun, 2000, Xin Quo, ot nl. "High 
quality ultm thin (1.5 nm) TiOa/Si3N4 gatu di u l uu tiio for doop mibmi oi oa CMOS toohno lo gy". 
Intomational EloctronDovioooMootingToohnioalDig o .it. p. 137 110. 199Q;IIyoon SeogK im ^rt 
al., "L c alc Qgo o un c nt nni rl""«"""' ^rr.Mrrfn»rn in mnt n l nrfmnio ohomioal vapor dopocitod TiOa 
diolootrico on cili uu n oubstratos." vol. 69. no. 25. pp. 3 8C 0 62. 16 Dooomb u i. 199C; J. Yon, n t nl . 
"Struohu-o and o leotrioal ohoraotorization of TiO.^ grown from titoiuum totraldo isoproxido (TTIP) 
a i idTTir/II.OmiiMrnr,"T g- ' -r-nnhnni vnl ni 1. no. 3. 170 6 11. l99 6 ).Zt0.t(Won Tie 
Qi, ot al., " hl O C CJ a nd MOSFFT *n,;rt;.r ..ninp TrO. oato dioloot r io dopooitod direct l y 
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u ii C i," T rrhnin nl Pir nt i nnn trm f t> 1 1^ 1 i«. Y. Ma. ot ol.. "Zhoomum Chcido Bnnd G nt e 
Diolootrios with Equivalent acido mid ThiolmooG of Loofl Than 1 .0 nm u i id Porfonnanoo of Suh 
mim o nMO S FFTi irr incrN-*-'''" rntnPnplnnw iiui itProooos."Difloatof 1999IEDM.p. 119 152. 



The paragraph beginnuig at page ^, line/T is amended as foUows: 

G uu uLo, Manas' ov ot n 1 , •Tkotron onorgy banioro botsveon (100) Si and ultrn t h i n i tnn Vi 
efSiOarAlaO ?, mid ZiO^ inaulatoi i i » Appl. Phyo. L u tt. vol. 78. no. 20, pp. 3073 75. 2001 ), 
mjO > gC. Kul c li c t al.. do Y c l n r m r n t nf Tli"^"^" pmpnrtinr . nf niobiiim OKido. tantalum o v ido , 
mid aluminum oxido boGod nanolayorcd matoriab." J. Elootrochcm. Soo., vol. 1 18. no ?. pp 
F3 5 r 1 1 . 2001). Gd^O^ n nd Y^ Q ^ (J. Kwo, ot al.. "Properties of high k gato dioloctriog G d a ^-and 
¥aQ > f u i Si " J. Appl. Ph^m . vol. 8 9. no. 7. pp. 3920 27. 2001) . 



The paragraph beginntog at page 34. line 1 is amen ded as foUows; . ^ 

According to the teachings of the present invention, several of the above implementations 
have been described in considerable detail in a co-pendin&-€e-61ed application by L. Forbes and 
JM. Bldridge, entitied "FLASH MEMORY DEVICES WITH METAL OXIDE TNTERPOLY 
irrrERPLOY INSULATORS," Application Seri al Nn 09/945.507. filed August 30, 2001. 
attomoy dookot number 1303.01 Inol . hi some cases the characteristics of the resulting dielectric 
msulators are not yet well known or well rt^fined. Part of this detail is recoimted as follows. 



The p aragraph beginning at page 34, line 7 i ^^ amended as foUowst 

For example, single layers of TaiOs. TiOj. ZrOj, NbzOs and similar transition metal 
oxides can be formed by "low temperature oxidation" of numerous Transition Metal (e.g., TM 
oxides) fihns in molecular and plasma oxygen and also by rf sputtering in an oxygen plasma. 
The thermal oxidation kinetics of these metals have been studied for decades witti numerous 
descriptions and references to be found in the book by Kubaschewski and Hopkins ^ 
gonorally. 0. Kubouoho^ ^ 'oki end B C. Iloplcino, "O?tidution of Motalo nnd Alloyo". Duttor^v o r t h. 
LuuJoii,PP- 53 61. 1?fi?) In essence, such metals oxidize via logarithmic kinetics to reach 
thicknesses of a few to several tens of angstroms in the range of 100 to 300 degrees Celsius. 
Excellent oxide barriers for Josephson tunnel devices can be formed by rf sputter etching tiiese 



I' 
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metals in an oxygen plasma (ooo gonomlly, J. M. Groinor. "Joqoplii .u a l imiioUng barrioro by rf 
i ,puttor otohing in u i i uJ iygon plaom n ," J. Appl. Phj^.. V u l. 12, No. 12, pp 5151 5155. 1P71 ; 0 
Miohiliomi ot al., "M?^^'"' "f f"h"""*;"n nf Innophaon tunnol iunotiona." U.S. Pat. 1,112,902, 
riav. 1. igg3)- Such 'low temperature oxidation" approaches differ considerably from MOCVD 
processes used to produce these TM oxides. MOCVD films require high temperature oxidation 
treatments to remove carbon impurities, improve oxide stoichiometry and produce 
recrystallization. Such high temperature treatments also cause unwanted interactions between 
the oxide and the underlying silicon and thus have necessitated the introduction of inter&cial 
barrier layers. (Geo, for OKomp l e, II. V. Luan ot nl., "Ilifc l i guahtjr T a , Q , ggjo diolootrioo with 
T, ^ no Angatroma." lEDM Tooh. Digciit. pp. Ill 1 11. 



The pa ragaph beginning at page 35, line 1 is amended as follows; 

A new approach was described in a copending application by J. M. Eldridge, entitled 
Thin Dielectric Fihns for DRAM Storage Capacitors." patent application Serial No. 09/651.380 
filed Aug. 29, 2000 that utilizes "low temperature oxidation" to form duplex layers of TM 
oxides. Unlike MOCVD fihns, the oxides are very pure and stoichiometric as formed. They do 
require at least a brief high temperature (est. 700 to 800 degrees Celsius but may be lower) 
treatment to transform their microstructures from amorphous to crystalline and thus increase 
their dielectric constants to the desired values (> 20 or so). Unlike MOCVD oxides, tiiis 
treatment can be carried out in an inert gas atmosphere, flius lessening the possibility of 
inadvertently oxidizing the poly-Si floating gate. While this earlier disclosure was directed at 
developing metiiods and procedures for producing high dielectric constant fihns for storage cells 
for DRAMs, the same teachings can be appUed to producing thinner asymmetrical metal oxide 
tunnel fihns for the programmable array logic and memory devices described in this disclosure. 
The dielectric constants of these TM oxides are substantially greater (>25 to 30 or more) tiian 
those of PbO and AI2O3. Duplex layers of these hi^ dielectric constant oxide fihns are easily 
fabricated with simple tools and also provide improvement in device yields and reliability. Each 
oxide layer will contain some level of defects but the probabihty ttiat such defects will overlap is 
exceedingly small. Effects of such duplex layers were first reported by J. M. Eldridge. one of tiie 
present authors, and are well known to practitioners of tiie art. It is worth mentioning that highly 
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repfoducible TM oxide tunnel barriers can be grown by rf sputtering in an oxygen ambient, as 
referenced above (oco gonorolly. J. M. Groinor. "Jooophoon tunnoiuig barriorc by rf opnt t nr 
etching in an oxygen plaomo." J. Appl. Phyo., Vol. 12. No. 12. Pp. 5151 5155, 1071 1 0. 
Miohikomi ot ol.. '"Klothod of fobriootion of Joaophson tunnel junotiong."U.S. Pat 1,112,902. 
Hot. 1, 1993). Control over oxide thickness and other properties in these studies were all the 
more remarkable in view of the fact that the oxides were typically grown on thick (e.g.. 5,000 A) 
metals such as Nb and Ta. In such metal-oxide systems, a range of layers and suboxides can ako 
form, each having their own properties, ta the present disclosure, control over the properties of 
the various TM oxides will be even better since very limited (perhaps 10 to 100 A or so) 
thicknesses of metal are employed and thereby preclude the formation of significant quantities of 
unwanted, less controllable sub-oxide films. Thermodynamic forces will drive the oxide 
compositions to their most stable, fully oxidized state, e.g., NbjOs. TazOs. etc. As noted above, 
it will still be necessary to crystallize these duplex oxide layers. Such treatments can be done by 
RTF and will be shorter than those used on MOCVD and sputter-deposited oxides since the 
stoichiometry and purity of the "low temperahu-e oxides" need not be adjusted at high 
temp erature. 

The paragra ph begjnning at page 37, line 25 is amended as follows; 

Asymmetrical oxide tunnel barriers having a wide range of properties can also be grown 
via oxidation of alloy fihns of appropriate compositions (aoo gonorolly, L Robortoon and C.W. 
Caion, "Sohottlty boirior hoighto of tantalum oxido. barium otrontium titanato. load titonn t o. n nd 
otrontium bismufli tontalate," Appl. Phyn. Lett., vol. 71, no. 8, pp. 116 8 1 170. 22 Fob. 1999) and 
ao roforoncod in tho oo pending, oo filed application by L. Forbes and J.M. Eldridgo, entitl e d 
TLASII tilEMORY DEVr^fr "^^^^ iv/reTft T nvmB TMTIiRPLOY mSULATORS." 
attorney dookot numbor 1303.0Huol. Thin fibn barriers of platinum, palladium and similar 
noble metals must be added to prevent inter-difliision and degradation of the perovskite oxides 
with the poly-Si layers. Some processing remarics are stated below. 



Page 23 

PRELIMINARY AMENDMENT Dkt: 1 3O3.035USI 

Serial Number. 10/028001 

The paragraph beginning at page 38, line 8 is amended as follows; 
■ For example, results have been obtained which demonstrate that at least a limited range 

of high temperature, super-conducting oxide fihns can be made by thermally oxidizing Y-Ba^u 
alloy films (soo gonorally. Hobo ot ol., "Method of monufaotuiiiiB, on omdo auporoonduoting 
film." U.S. rat. 5,359,7^"^^"?* '^^ ^""'<>- The present inventors have also disclosed how to 
employ "low temperature oxidation" and short thermal treatments in an inert ambient at 700 
degrees Celsius in order to form a range of perovskite oxide films fix>m parent alloy fihns (see 
a uicr ally, J. M. E ld riir- T>mnnnr>f i n for Produoint High QuoHty Poiovolcito Dioleotri n 
nuns." qppUcatioii S o riol No. __= ^ The dielectric constants of crystallized, perovsldte 
oxides can be very large, with values in the ICQ to 1000 or more range. The basic process is 
more complicated than that needed to oxidize layered fihns of transition metals. (See Example 
n.) The TM layers would typically be pure metals although they could be alloyed. The TMs are 
similar metallurgically as are their oxides. In contrast, the parent alloy films that can be 
converted to a perovskite oxide are typically comprised of metals having widely different 
chemical reactivities with oxygen and other common gasses. to the Y-Ba-Cu system referenced 
above. Y and Ba are among the most reactive of metals while the reactivity of Cu approaches 
(albeit distantly) those of other noble metals. If the alloy is to be completely oxidized, then thin 
fitai barriers such as Pd, Pt. etc. or their conductive oxides must be added between the Si and the 
parent metal fitai to serve as: electrical contact layers; diffiision barriers; and. oxidation stops, 
to such a case, the Schottky barrier heights of various TM oxides and perovskite oxides in 
contact with various metals will help m the design of the tunnel device, to Ae more likely event 
that the perovskite parent alloy fihn will be only partially converted to oxide and then covered 
with a second layer of the parent alloy (recall the structure of Figure 2), then the barrier heights 
will represent that developed during oxide growth at the parent perovskite alloy/perovskite oxide 
interface. Obviously, such barrier heights cannot be predicted ab initio for such a wide class of 
materials but will have to be developed as the need arises. This information will have to be 
AayjfiAt\nf^ An A cvstem-bv-svstem basis. 
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Th e paragraph beginnittg at page 42, line 1 is amen ded as follows; 

Figure H [[14]] illustrates a block diagram of an embodiment of an electronic system 
1101 44W- according to the teachings of the present invention. In the embodiment shown in 
Figuie 11 [[14]], the system llfil 44W includes a memory device UOQ MW-which has an array 
of memory cells 11^4402. address decoder 11044404, row access circuitry ilfi6-We6. column 
access circuitry UOS 440», control circuitry lilQ 44W. and input/output circuit iU2 44tt. 
Also, as shown in Figure H [[ 1 4]], the circuit HOI 4404 includes a processor UH 4414. or 
memory controller for memory accessing. The memory device UOO 4400 receives control 
signals from the processor UU 4444, such as WE*, RAS* and CAS* signals over wiring or 
metallization lines. The memory device UOO -MO© is used to store data which is accessed via 
VO lines. It will be appreciated by those skilled in the art that additional circuitry and control 
signals can be provided, and that the memory device UOO 4400 has been simplified to help focus 
on the invention. At least one of the processor im 4444 or memory device 11004400 has a 
memory cell formed according to the embodiments of the present invention. That is. at least one 
of the processor UH ^W44 or memory device nOO 4400 includes an asymmetrical low tunnel 
barrier inteipoly insulator according to the teachings of the present invention. 



The paragra ph b^inning at page 42, Hue 1 8 is amended as foUows; 

It will be understood that the embodiment shown in Figure U [[14]] illustrates an 
embodiment for electronic system circuitry in which the novel memory cells of the present 
invention ai« used. The illustration of system HOI 4404. as shown in Figure U [[14]], is 
intended to provide a general understanding of one application for the structure and circuitry of 
the present invention, and is not intended to serve as a complete description of aU the elements 
and feahires of an electronic system using the novel memory ceU structures. Further, the 
invention is equally applicable to any size and type of memory device UOO 4400 using the novel 
memory cells of the present invention and is not intended to be limited to that described above. 
As one of ordinary skill in the art will understand, such an electronic system can be febricated in 
single-package processing units, or even on a single semiconductor chip, in order to reduce the 



communication time between the processor and the memory device. 



